A small amount of boron was added to Ni 60 Pd 20 P 20 and Ni 65 Pd 15 P 20 alloys. The alloys containing 3 at% boron showed improved thermal stability and glass-forming ability. The supercooled liquid region of as-spun ribbons was enlarged by about 10 K for both Ni 60 Pd 20 P 17 B 3 and Ni 65 Pd 15 P 17 B 3 alloys. The critical diameters for glass formation were increased up to 15 mm for Ni 60 Pd 20 P 17 B 3 and 10 mm for Ni 65 Pd 15 P 17 B 3 , respectively. The reason of the minor B addition leading to the significant improvements of thermal stability and glass-forming ability was investigated.
Introduction
Ni-based bulk metallic glasses (BMGs), although initiated as a relatively new member of BMG family, 1) exhibit unique mechanical, chemical and physical properties [2] [3] [4] [5] [6] [7] and therefore are believed to possess potential as advanced engineering materials. However most of the Ni-based BMG formers have been suffered from the limited glass-forming ability (GFA) as evidenced by the small critical diameters for glass formation (d c ) far below a centimeter-scale. [1] [2] [3] [4] [5] [6] [7] To solve this problem, great efforts have been devoted to enhance the GFA. The minor element addition technique, which has been widely used in traditional metallurgical fields, was found to be effective for BMGs in enhancing GFA, [8] [9] [10] improving thermal stability, [11] [12] [13] and optimizing mechanical, 14) magnetic 15, 16) and chemical properties. 17, 18) It is known that B is one of the most effective minor additives to improve GFA and thermal stability. For example, when a proper amount of B, along with other elements, was added to the Zr-based alloy, the noxious effect of oxygen was overcome and the GFA was improved. 19 ) When 1.6 at% B was added to the Fe-C-Si alloy, the formation of strong bonding pairs of Fe-B, C-B and Si-B stabilized the liquid phase and improved the GFA. 20) For Ni-based BMG formers, it was reported that when 1 at% B was added into the Ni 60 Nb 37 Sn 3 alloy, the d c was increased up to 3 mm. 21) Inoue et al. found that 1 at% B addition to the Ni-Pd-P, Ni-Pd-Si and Pd-Cu-Si alloys enabled the formation of spherical amorphous particles with a diameter of 2 mm. 22) Recently we reported the formation of a centimeter-scale Ni-based BMG by minor B addition. 23) The Ni 60 Pd 20 P 17 B 3 alloy could be fabricated into a cylinder shape BMG with a diameter of 12 mm. The Ni 60 Pd 20 P 17 B 3 BMG exhibited high thermal stability and good mechanical properties 23) which were favorable for engineering applications.
In this research, the minor B addition was applied to Nibased Ni 60 Pd 20 P 20 and Ni 65 Pd 15 P 20 alloys and the d c was carefully investigated. The reason of the minor B addition leading to the improvement of thermal stability and GFA was discussed. 24) The structures of the samples were examined by X-ray diffraction (XRD) with CuK radiation. Thermal properties were measured by differential scanning calorimetry (DSC) in a purified argon atmosphere. Figure 1 shows the DSC curves of Ni 60 Pd 20 P 20 , Ni 60 Pd 20 P 17 B 3 , Ni 65 Pd 15 P 20 and Ni 65 Pd 15 P 17 B 3 ribbon samples prepared by melt-spinning technique. All the alloys exhibit an endothermic reaction due to the glass transition, followed by a supercooled liquid region and then a sharp exothermic reaction due to the crystallization. With further increasing temperature, the alloys are completely melted Fig. 1 (T g ) is 601 K, 605 K, 615 K, and 615 K, respectively, the onset crystallization temperature (T x ) is 667 K, 683 K, 672 K and 684 K, respectively, the onset melting temperature (T m ) is 940 K, 930 K, 997 K and 941 K, respectively, the liquidus temperature (T l ) is 1079 K, 1073 K, 1136 K and 1088 K, respectively, the supercooled liquid region (ÁT x ; T x À T g ) is 66 K, 78 K, 57 K and 69 K, respectively, and the reduced glass-transition temperature (T rg ; T g =T l ) is 0.557, 0.564, 0.541 and 0.563, respectively. When compared with the alloys without B addition, one can notice the increase of ÁT x and T rg , which suggest the improvements of thermal stability and GFA by the addition of 3 at% B.
Experimental Methods

Results and Discussion
The d c was then investigated for the alloys produced by water quenching. Before water quenching, a careful B 2 O 3 flux treatment 24) was applied to the melted alloys in silica tubes to remove the hetero-nucleates. Due to the lower GFA, the Ni 60 Pd 20 P 20 and Ni 65 Pd 15 P 20 BMGs could not be formed with a diameter of 10 mm even after a long time flux treatment, in agreement with the results reported by He et al. 24) For the Ni 60 Pd 20 P 17 B 3 and Ni 65 Pd 15 P 17 B 3 alloys, the d c was 15 mm and 10 mm, respectively. Figure 2 shows the outer appearance of the waterquenched (a) Ni 60 Pd 20 P 17 B 3 sample with a diameter of 15 mm and (b) Ni 65 Pd 15 P 17 B 3 sample with a diameter of 10 mm. Both samples exhibit lustrous and smooth surfaces without any concave or cavity caused by a crystalline phase. The broad XRD patterns in Fig. 3 confirm the amorphous structure and the glass-transition behavior in DSC curves in Fig. 4 validates the glassy character of the d15 Ni 60 Pd 20 P 17 B 3 and d10 Ni 65 Pd 15 P 17 B 3 samples. For the d15 Ni 60 Pd 20 P 17 B 3 sample, the T g and T x are 605 K and 701 K, respectively. The ÁT x is as high as 96 K, which is the largest value among all Ni-based BMGs reported up to date. [1] [2] [3] [4] [5] [6] [7] 24, 25) For the d10 Ni 65 Pd 15 P 17 B 3 sample, T g , T x and ÁT x are 615 K, 702 K and 87 K, respectively. The ÁT x values of the bulk Ni 60 Pd 20 P 17 B 3 and Ni 65 Pd 15 P 17 B 3 samples are larger than those of the corresponding ribbon samples. Such difference has also been observed in Pd-Ni-P and Pd-Cu-Ni-P systems, which is attributed to the impurity scavenging by completed flux treatment of the water quenched samples and the surface effect on the crystal nucleation of the ribbon samples. 25) As described above, the minor B addition improves the thermal stability of Ni-based Ni-Pd-P alloys. The possibility that the minor B addition totally works as impurities scavenger can be denied. Li et al. 26) reported the formation of a d10 Pd 40 Ni 40 B 10 P 10 BMG. Even when 10 at% B was added into the Pd-Ni-P alloy, XPS experiment did not show the presence of any B 2 O 3 . Although a part of B addition may precipitate the flux treatment, the main role of B addition seems to be different. The significant increase in T x suggests that the B addition improves the thermal stability and GFA through the change in crystallization behaviors. In order to clarify this consideration, the activation energy (E a ) for crystallization was calculated. The as-spun Ni 60 Pd 20 P 20 and Ni 60 Pd 20 P 17 B 3 ribbon samples were reheated at heating rates (T 0 ) ranging from 6:7 Â 10 À3 to 1:7 Â 10 0 Ks À1 . The plots in Fig. 5 (Fig. 6(a) ) and Ni 60 Pd 20 P 17 B 3 (Fig. 6(b) ) show a single crystallization step as evidenced by the simultaneous precipitation of several phases. However the minor B addition causes the extra crystallization products of Ni-B phases (Fig. 6(b) ). The additional precipitation of Ni-B phases leads to more difficult atomic rearrangements in the Ni 60 Pd 20 P 17 B 3 alloy since more atoms are required to diffuse. Therefore, the crystallization event is shifted to a higher temperature side, resulting in a stabilized supercooled liquid and the improved GFA.
Conclusions
Quaternary Ni-Pd-P-B glassy alloys with high thermal stability and high GFA were developed by minor B addition into Ni 60 Pd 20 P 20 and Ni 65 Pd 15 P 20 alloys. The d c is 15 mm for the Ni 60 Pd 20 P 17 B 3 alloy and 10 mm for the Ni 65 Pd 15 P 17 B 3 alloy, respectively. The minor B addition causes more complex crystallization precipitations from the supercooled liquid and thus improves the thermal stability and enhances the GFA. Development of Ni-Pd-P-B Bulk Metallic Glasses with High Glass-Forming Ability
